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A previously reported [J. Chem. Phys. 1991, 95, 106; Chem. Phys. Lett. 1993, 206, 137) Fourier transform
method for computation of classical intramolecular mode-to-mode energy-transfer rate coefficients is extended
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of the time variation of a local-mode bond energy for an ensemble of trajectories. A two-mode, collinear model
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are employed to determine the individual band assignments. The results for both HONO and C,H; are in good
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accord with the total relaxation rate extracted from decay plots of the local-mode energy.
I. Introduction

We have previously described!? a Fourier transform (FT)
method for extracting classical intramolecular vibrational energy-
transfer rates (FTIVR). The FTIVR method involves the
computation of the time dependence of some local-mode bond
energy, Ey(2), in the molecule from the ensemble average of a set
of classical trajectories computed using standard techniques.’
This bond energy exhibits characteristic fluctuations due to
energy-transfer processes between the various modes in the
molecule. Consequently, the FT of E(¢) should, in principle,
yield a spectrum that contains bands at frequencies corresponding
to the mode-to-mode rate coefficients.

In previous applications, we have investigated mode-to-mode
energy-transfer rates in the ethynyl (C,H) radical! and disilane.?
In the case of C;H, three distinct bands appear in the FTIVR
spectrum in the frequency range 0.01-0.18 ps~!. The frequencies
of these bands are interpreted to represent the average mode-
to-mode energy-transfer rates for IVR via the stretch/stretch
and two stretch/bend pathways. It is shown that these mode-
to-mode rates are in good accord with the total relaxation rate
extracted from decay plots of the C~H local-mode energy. We
have also applied the FTIVR method to intramolecular energy
transfer indisilane.2 Theresultis a series of broad peaks spanning
the range 0.01-0.3 ps~! with a global maximum at 0.07 ps-!. This
suggests that the IVR rates in disilane are described by a set of
coefficients whose values lie in the range 0.01-0.3 ps! with a
most probable value of 0.07 ps~!. This interpretation was shown
to be consistent with the total relaxation rate of the Si-H local
mode extracted by least-squares fitting of the decay curves
obtained from the trajectory calculations. Unfortunately, the
resolution of the spectral bands was insufficient to permit the
individual coefficients to be determined. This difficulty arises,
in part, because of the large number (153) of mode-to-mode
coefficients involved.

In the present paper, we first explore the FTIVR method in
a simple model system which permits a more detailed investigation
than is possible in more complex molecular systems. We then
show that the FTIVR method can be effectively extended to four-
atom molecules. HONO and acetylene are chosen as test cases.
This choice is dictated by the availability of accurate intramo-
lecular potentials and by the fact that C;H; and HONO represent
both linear and nonlinear cases.

m I1. Application to a Simple Model System

Consider an ensemble of N loca) vibrational modes. If the
coupling terms between these modes are zero, each will correspond

® Abstract published in Adpance ACS Abstracts, June 1, 1994.
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to a good action variable, and the corresponding mode energies
will be constants of the motion. A Fourier transform of the mode
energies would therefore exhibit only a single component at zero
frequency. If, however, the coupling terms are nonzero, in-
tramolecular energy flow between the modes will be observed
and the mode energies will vary with time. The basic premise
of the FTTVR method is that since the fluctuations of the mode
energies are produced by mode-to-mode energy transfer, the
corresponding rates for these underlying processes must be
embedded in the time-varying behavior of the local-mode energies.

Consider a simple collinear system consisting of two harmonic
oscillators with a quadratic coupling potential. A diagram of
thissystemis shown in Figure 1. Wetake the system Hamiltonian
to be

H=[P?2m, + P}2/2m, + k\(r, - R,)}} +
[P;2/2my + P2[2m, + ky(ry~ Ry)*] + A(r; - Ryy)® (1)

where the m; (i = 1, 2, 3, 4) are the atomic masses, P; are the
momenta, and the r; are interatomic distances as defined in Figure
1. The local mode energies are

E= [Plz/zml + P22/2m2 + ky(ny _Rel)zl #))
and
E, = [P/2my + P2 [2m, + ky(r,- R,)*] 3)

If the coupling constant A is zero, E; and E, will be constants of
the motion. For A » 0, the modes will be coupled and energy
transfer will occur between them.

We have investigated the nature of the energy transfer for the
above system for a total energy of 0.50 eV initially contained in
mode 1. The system parameters are given in Table 1. Figure
2, a and b, shows the time variation of E, for A equal to 0.45 and
0.60 eV/A?, respectively. Several qualitative features of the
energy transfer between modes 1 and 2 are immediately evident.
First, the mode-to-mode energy transfer produces characteristic
oscillations in the local-mode energy. Second, the oscillations
resulting from energy transfer between modes 1 and 2 have higher

0022-3654/94/2098-6317504.50/0  © 1994 American Chemical Society
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Figere 2. Energy in local mode 1 as a function of time: (A) A = 0.45
eV/A? (B)A=0.60eV/A2 Timeisgiveninunitstu, where 1 tu = 1.019
X 1014 s,
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Figure 3. Fourier transform of the local mode bond energy E;(1) given
in Figure 2A.

’&ﬁ:’.li 1: Parameters of the Two-Mode, Collinear IVR

ky 1.00eV/A2 Ry 1.00A my 10.00 amu
k; 100eV/A2 Ry  1.50A my 1000 amu
R 1.00A m 1000amu m, 10.00amu

frequency oscillations superimposed upon them. Third, the mode-
to-mode energy transfer rate increases as the coupling constant
A increases.

Figure 3 shows the Fourier transform of E, given in Figure 2a
for A = 0.45¢V/A% The FT spectrum shows three features. The
most important of these is a band at 65.5 cm~!, which corresponds
to a frequency of 2.0 X 10!?s~! and a period of 5.0 X 10-13s. In
the molecular time units being used in Figure 2a,b, this corresponds
to a period of 49.07 tu (1 tu = 1.019 X 10-'45). An inspection
of Figure 2a shows that after 500 tu the local-mode energy E,
has executed about 9.5 complete oscillations. Obviously, the major
FT spectral band at 65.5 cm~! corresponds to the frequency at
which energy is transferred between the modes. A similar Fourier
transform of Figure 2b yields a three-band spectrum with the
major peak at 85.2 cm™t, which corresponds to the mode-to-mode
energy-transfer rate seen with A = 0.60 eV/A2.

The small peak in the FT spectrum at 176.9 cm~! is the result
of the higher frequency component seen in Figure 2a. These
oscillations reflect energy transfer in and out of the coupling
term in eq 1 rather than actual transfer to mode 2. This is easily
seen from the transform of the coupling term alone. Thisisshown
in Figure 4 for the case A = 0.45 eV/A2 The only prominent
feature is a band at 176.9 cm~'. Finally, the remaining band in
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Figwre 4. Fourier transfer of the time variation of the coupling term with
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Figure 5. Dependence of the frequency of the energy-transfer FT band
on the coupling constant, A.
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Figwre 6. Dependence of the frequency of the energy-transfer FT band
on the inverse of the average half-life, (1,,2), computed for different
values of A.

the FT spectrum of E;(f) isa peakat 111.4cm~. This frequency
is the difference between the energy-transfer band at 65.5 cm!
and the coupling term band at 176.9 cm-!. The peak at 111.4
cm-! may therefore be identified as the combination band (vy76—
l'“).

Since the frequency of the energy-transfer band in Figure 3
measures the rate of mode-to-mode energy transfer, we would
expect it correlate directly with the magnitude of the coupling
term connecting the two modes. Figure 5 shows the calculated
frequency of the energy-transfer band as a function of the coupling
constant . The direct correlation is obvious.

Thedata shown in Figure 2a,b make it clear that energy transfer
in the model system cannot be described by a first-order rate law.
It is therefore not possible to define a rate coefficient in the usual
manner as the negative slope of a logarithmic decay curve. We
can, however, obtain a second measure of the transfer rate by
computation of an average half-life, (#;,2). This is most
conveniently done by averaging the results of Af trajectories
differing only in the initial phase of local mode 1 and computing
the times required for the peak energies in mode 1 to decrease
to half of their initial values. (t,,) is defined as the ensemble
average of these values. Since (#,,,)-!is a measure of the energy-
transfer rate, we would expect a direct correlation to exist between
the values of (f,,,)-! obtained for different values of A and the
frequencies of the cnergy-transfer band in the FT spectrum of
E;. Figure 6 shows that the correlation between these quantities
is excellent.
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Figwre 7. Heavy-atomblockingeffects. (A) Time variation of theenergy
in local mode 2 for E = 0.50 ¢V initially partitioned into mode 1 with
M3 = 1000 amu and A = 0.45 eV/A2. Other parameters are as given
in Table 1. (B) Fourier transform of local mode energy 1, E1(2), for the
case described in Figure 7A.

If the mode 1 — mode 2 path is effectively blocked by assigning
a very large mass to atom 3, we expect the energy-transfer rate
toapproach zero and for the FT band corresponding to this mode-
to-mode rate to decrease significantly in intensity or to vanish
entirely. Figure 7a shows E(¢) for the case M3 = 1000 amu and
A=0.45¢V/A?, with the remaining parameters being those given
in Table 1. Obviously, the energy-transfer path is essentially
blocked. No more than 10% of the total energy initially present
in mode 1 ever finds its way into mode 2. Figure 7b shows the
FT spectrum of E(7) for this case. As can be seen, the energy-
transfer band at 65.5 cm! has vanished along with the combination
band at 111.4cm-!. Only the mode coupling band remains. This
peak is slightly red-shifted to 163.8 cm! due to the effect of the
heavy-atom mass.

The above analysis shows that the frequency of the energy-
transfer band in the FT spectrum correlates directly with the
magnitude of the mode-to-mode coupling term and with other
measures of the transfer rate such as (#,/2)-!. Examination of
the time dependence of £, shown in Figure 2a demonstrates that
the FT band frequency corresponds exactly to the energy-transfer
rate. Elimination of energy transfer by heavy-atom blocking
climinates the energy-transfer band entirely. It is therefore
appropriate to take the frequency of the FT energy-transfer band
to be the characteristic mode-to-mode transfer rate.

We now consider how the existence of many vibrational modes
in a three-dimensional molecular system would be expected to
alter the results obtained for the two-mode, collinear model shown
in Figure 1. First, there will be many additional energy-transfer
pathways, each with its own characteristic frequency and coupling
terms. We will therefore expect the FT spectrum to contain
many bands. Some of these will correspond to mode-to-mode
energy-transfer rates; others will be associated with rates of energy
transfer to and from the coupling terms. [n addition, we expect
to find combination bands and perhaps some overtone bands.
Identification of these bands will therefore pose a significant
problem which is analogous to the experimental problem of
assigning IR absorption bands to particular vibrational modes in
the molecule.

Because of the presence of many transfer pathways, we expect
entropy effects 10 significantly reduce the amplitude of the
oscillations in the local-mode energies. However, we still expect
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them to be present. If there are enough coupled modes, the
oscillation amplitudes may be reduced to the point that the
envelope function begins to resemble an exponential decay which
will permit us to extract a total energy-transfer coefficient out
of mode i, Kiz, which will be the sum of all of the mode-to-mode
rates, k,‘-o,,

K= Zk,-_.j @

In such a case, we expect the sum of the frequencies of the FT
energy-transfer bands to correlate directly with XK'y determined
from the slope of the logarithmic decay curve. We have previously
shown that this is the case for C;H and disilane. In the present
paper, we also show that it is true for HONO.

Finally, since there will be many and varied coupling terms
present in the complex potential representing a real molecule
with numerous vibrational modes, we expect the time variation
of the local-mode energy to exhibit many high-frequency
oscillations superimposed upon lower frequency oscillations which
correspond to the energy-transfer bands whose amplitudes will
be a decreasing function of time.

The calculation of an FTTVR spectrum has the dual advantages
that it is very easy to compute and it contains ail of the mode-
to-mode rates. The two major difficulties associated with the
method involve band resolution and assignment. If there are
many mode-to-mode bands, it may be impossible to resolve them.
This is analogous to the problem of resolving the rotational bands
in a large molecule. The first difficulty may be minimized to
some extent by extending the computation time for the trajectories
which will increase the FT resolution. The second problem may
be attacked using heavy-atom blocking and constrained motion
methods. These methods are described in more detail in the
following section.

1. Potential Energy Surfaces and Numerical Procedures

A. HONO. The potential energy surface used in the calculation
is that employed in our previous energy-transfer studies.* Bond
stretching potentials are represented by 2 summation of Morse
potentials,

V.= ZD“-{(I.O ~expl-a(R, - RN} )

Quadratic functions are used for the bending motions

V=D k6= 0o) (6)

where the summation runs over all bending motions of the
molecule. The torsional potential is given by

V.= D _a;costiv) ™
i

where the R; are bond lengths, 6; are bending angles, and g is the
dihedral angle.

B. Acetyleme. The analytical potential energy surface devel-
oped by White and Schatz® isemployed for acetylene. Thissurface
is based on fits to ab initio calculations of the molecular force
field, experimentally derived encrgies of formation, and the
isomerization barrier. The fitting procedure used for C;H
combines a LEPS potential with a three-body Sorbie—Murrell
function® to fit the C;H force field, the isomerization barrier, and
the C,H dissociation energies. For C;H,, two C;H fragment

.potentials are combined with an empirical methylene potential

and a four-body Sorbie—Murrell function® to fit the acetylene
force field, the vinylidene minimum energy, and other information.
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TABLE 2: C;H; and HONO Normal-Mode Frequencies

molecule mode no. mode description freq (cm™)

C,Hy* i C-H stretch 3400
2 C-H stretch 3314
3 C—C stretch 2022
4-5 HCCH bend? 797
6-7 HCCH bend?® 569

HONO 1 O-H stretch 3438
2 Na==O stretch 1640
3 O-N stretch 908
4 HON bend 1306
S ONO bend 540
7 torsion 649

« Computed on the White-Schatz potential surface, ref S. # Doubly
degencrate vibrational mode.

The fundamental vibrational frequencies for all of the HONO
and acetylene normal modes computed using the above potentials
are summarized in Table 2.

C. Numerical Procedures. The local bond mode energy is
defined as

Ey(1) = (P(1)?/ 2 + V(0] ®)

where the reduced mass u,, momentum Py(t), and bond length
ny(¢) are those appropriate to the bond in question. The bond
potential, V,[ry(7)], is taken to be a Morse function with
parameters chosen so that it corresponds closely to the bond
potential on the full global surface.

Hamilton’s equations of motion are integrated using a fourth-
order Runge-Kutta integrator. The acetylene intramolecular
dynamics are computed for a time period 196.6 ps using a fixed
integration step size of 5.0 X 10-5 ps. Conservation of energy to
six significant figures is generally obtained. For HONO, the
internal dynamics are foliowed for 82 ps using a step size of 1.5
X 10 ps. In this case, energy conservation was generally three
significant digits or better.

Initial-state selection for acetylene is accomplished by inserting
the zero-point vibrational energy (ZPE) computed from the
potential field into each of the normal modes with the molecules
in their equilibrium configurations. Subsequently, the equations
of motions are integrated for a random period of time after which
a selected amount of additional energy is inserted into the local
C-H stretching mode in the form of kinetic energy. For HONO,
the ZPE of each normal mode is partitioned between kinetic and
potential energy with appropriate averaging over the phases of
the normal coordinates, foliowed by selective excitation of the
O-H stretch local mode. The coordinates and momenta are then
scaled to the desired total energy. The details of this procedure
have been fully described elsewhere.’

Ensemble spectra are computed by averaging the Fourier
transforms of each of 40 trajectories that differ only in the random
period or phase averaging used in the initial-state selection.

Molecules containing four atoms, such as HONO and C;H,,
havesix vibrational modes and 15 mode-to-mode ratecoefficients.
We therefore expect, in principle, a FTIVR spectrum containing
as many as 15 energy-transfer peaks plus higher frequency bands
resulting from energy transfer to and from the coupling terms
along with overtone and combination bands. The assignment of
these spectral features to particular mode-to-mode energy-transfer
processes is generally a difficult problem. We have found two
techniques, heavy-atom blocking and constrained motion, to be
particular useful methods to unravel the FTIVR spectrum.

Heavy-atom blocking is a technique originally developed by
Rabinovitch er al. in their energy flow experiments on cyclic,
organometallic compounds.! In these experiments, it was found
that if two carbon rings are separated by a heavy metal atom,
energy flow between the rings is severely restricted. The resuits
obtained with the two-mode, collinear model serve as a simple

Chang et al.

45}

A =1.86x10 'sec -1

Ln(E)

Intensity

0 2 4 6 8 10
Frequency (1/cm)

Figure 8. (a) Ensemble average decay curve for the O—H local-mode
energy in HONO. The plot is the ensemble average of 40 trajectories.
The initial states have ZPE in all of the vibrational modes and sufficient
excitation of the O-H local mode to yield a total energy of 2.31 eV. (b)
FTIVR spectrum obtained from the average of the Fourier transforms
of the local O—H bond energy for each of the trajectories used to obtain
the decay plot shown in Figure 1a. The figure inset showing HONO with
all atoms written in nonboldface type indicates normal masses are used
for all atoms.

example of the effect. The same principle may be employed
effectively to obtain the band assignments in the FTIVR spectrum.
For example, in the acetylene molecule, H--C--,C-—-H, if the
normal mass of ,C, 12 amu, is replaced by a heavy mass of 100
amu, the energy pathway from the H--;C bond to the ,C--H
stretch motion is effectively blocked. As a resuit, the spectral
bands associated with the blocked energy-transfer pathway(s)
will be either missing or significantly reduced in intensity. A
comparison of the FTIVR spectra obtained with and without
heavy-atom blocking will therefore permit the missing or intensity-
reduced peaks to be assigned to the blocked pathways.

The method of constrained motion involves the omission of all
initial energy in certain modes of the molecule. This omission
serves to significantly reduce or eliminate the coupling between
those modes and others in the molecule. As a result, the spectral
bands associated with energy transfer between those modes will
be reduced in intensity or missing. This intensity change permits
the bands assignments to be made. For example, if the initial
zero-point torsional mode energy is omitted in HONO, there will
be no initial momentum components perpendicular to the
molecular plane. In principle, the system will be constrained to
planar motion. Consequently, the importance of the torsion
pathway in IVR will be substantially reduced, and those spectral
bands associated with energy-transfer pathways involving the
torsional mode will decrease in intensity.

IV. Results and Discussion

Figure 8a shows the decay of log[Ey(¢)] for HONO at a total
energy 2.31 eV, corresponding to zero-point energy in all normal
modes with the excess energy initially present as local-mode
excitation in the O—H bond. The decay curve is obtained by
averaging over the results of 40 trajectories. The general form
of the decay curve is as anticipated. There is an approximately
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linear decay with several low-frequency oecillations superimposed.
Additional higher frequency components are also present.

A total relaxation rate coefficient out of the C-H mode, K7,
can be extracted from these data by fitting the decay curve to a
first-order rate law:

Ey(1) = Ey(1=0) exp(-K 1) 9)
so that
log[Ey(1)] = log[£,(+=0)] - Kyt (10)

By obtaining a linear least-squares fit of eq 10 to the first portion
of the data shown in Figure 8a, we obtain Ky = 1.86 X 10V 5!,
Since we expect Ky to be the sum of all of the mode-to-mode rate
coefficients out of the local O-H mode, itis clear that the individual
mode-to-mode rate coefficients should lie in the range 0.01-0.186
ps~!, where 0.01 ps~! is an assumed lower limit for such coefficients.

The ensemble averages of the Fourier transforms of each of
the 40 trajectories yield the results shown in Figure 8b. The
energy present in each mode varies as vibrational relaxation
proceeds. It is therefore expected that each mode-to-mode
coefficient will appear as a broad band covering a range of
frequencies that is a reflection of the energy range sampled in the
trajectories. This can be seen in the spectra presented in Figures
8-10. Several broad bands are present in the spectral region
between 1 and 4 cm~!. The summation of these bands results in
six distinct peaks.

The frequencies at which these bands occur represent the
average mode-to-mode rate coefficients. The only remaining
problem is to determine the modes associated with each peak
appearing in Figure 8b. The band assignments are made using
heavy-atom blocking and constrained motion methods.

Figure 9a shows the FTIVR spectrum obtained if the masses
of the two oxygen atoms and nitrogen in HONO are assigned a
value of 100 amu. This assignment will effectively block the
energy flow from the O-H stretch to all other modes except the
HON bend and out-of-plane torsional mode. The ensembie
FTIVR spectrum obtained with this mass combination, using the
same random seed, exhibits three peaks, marked as 1, 2, and 3,
which appear at the same frequencies as the correspondingly
marked bands in Figure 8b. Bands 4, 5, and 7 are missing.
Consequently, they must correspond to energy-transfer pathways
blocked by the heavy atoms.

Intramolecular vibrational energy redistribution in HONO
has been studied extensively by Thompson and co-workers.” They
have concluded that the major energy-transfer pathway from the
O-H stretch is vig direct transfer to the HON bend followed by
transfer from the HON bend to the torsional mode. We therefore
assign peak 1, the lowest frequency spectral band in Figures 8b
and 9a, to the O-H stretch/torsion. Peak 2, which corresponds
to the second fastest energy-transfer rate, is assigned to the HON
bend/torsion, and peak 3, the fastest rate, is assigned to the O-H
stretch/HON bend.

Figure 9bshows the ensemble FTIVR spectrum obtained when
the nitrogen and oxygen atoms in the N-O end group are both
assigned masses of 100 amu. We would expect this mass
combination to block energy-transfer pathways involving the
terminal N-O stretch. As expected, bands 1, 2, and 3 are still
present in the spectrum. In addition, three peaks denoted 4, 5,
and 6 arealsoevident. These new peaksareexpected to berelated
to the energy flow paths blocked by the heavy oxygen atom in
the H-O-N moiety in Figure 9a. That is, we expect peaks 4, 5,
and 6 to involve the O-N stretch and the O-N-O bend.

By employing the constrained motion method, we may obtain
the additional information required to make the band assignments.
The FTIVR spectrum given in Figure 9¢ is that obtained when
the initial ZPE for the ONO bend is omitted and the terminal
N-O atoms are both assigned masses of 100 amu. Comparison
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Figure9. (a) FTIVR spectrum of HONO with ZPE plus sufficieat O-H
local-mode excitation to yield a total internal energy of 2.31 eV. The
atoms in the O-N-O moiety are each assigned a heavy-atom mass of 100
amu. Thisis denoted by the boldface type in the figureinset. (b) FTIVR
spectrum of HONO under the same conditions as in Figure 2a except
only the terminal N and O atoms have a heavy mass of 100 amu. Others
are normal. (c) FTIVR spectrum of HONO under the same conditions
as Figure 23 except the initial ZPE of the ONO bending mode is set to
zero. (d) FTIVR spectrum of HONO under same conditions as those
givea for Figure 8b except the ZPE of the torsional mode is initially set

to zero. All masses are normal as indicated by the figure inset.
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Figure 10. (a) FTIVR spectra for acetylene obtained from the ensemble
average of the Fourier transforms of each of 40 trajectories. The initial
states have ZPE in all of the vibrational modes and sufficient excitation
of the C~H local mode to yield a total energy of 3.18 eV. Dotted
spectrum: normal mass forall atoms. Upper solid-linespectrum: terminal
(nonexcited) C and H atoms have mass 100 amu. Others have normal
mass. Lower solid-line spectrum: atoms in the C-C~H moiety have
mass 100 amu. (b) Ensemble average (40 trajectories) FTIVR spectra
for acetylene. Thedotted spectrumisthe sameas upper solid-line spectrum
shownin(a). Thesolid-line spectrum isobtained under conditions identical
to those for the dotted-line spectrum except the initial ZPE of the CCH
bending mode is set to zero. .
of parts b and c of Figure 9 shows that peak 5 has disappeared
while peaks 4 and 6 remain. We therefore assign band 5 to the
O-H stretch/ONO bend energy-transfer pathway.

The remaining assignment is made by noting that peak 6 does
not appear in the FTIVR spectrum shown in Figure 8b where all
frequencies corresponding to the rates of major energy-transfer
paths should be present. We also note that the frequency of peak
6 is exactly double that of pcak 4. We therefore take peak 6 to
be an overtone of peak 4 and assign the O-H stretch/O-N stretch
rate to the frequency of peak 4.

A consistency cross-check may be obtained by setting the initial
ZPE of the HONO torsional mode to zero with all atoms assigned
their actual mass. Under these conditions, there are no initial
momentum components perpendicular to the molecular plane.
Therefore, in principle, the system will be constrained to planar
motion, and energy-transfer pathways involving the torsional mode
will be blocked. [We note that because of numerical integration
inaccuracies, some torsional motion may actually occur in the
calculations. However, its magnitude should be greatly reduced.)
Figure 9d shows the resv i.ing FIIVR ensemble spectrum.
Comparison with Figure 8b shovs that peak 2 is either absent

Chang et al.
TABLE 3: Moede-to-Mode Rate Coefficients for Internal
Energy Transfer in C;H; and HONO
molecule peak no. transfer path K(ps)
C;H, 1 C-H stretch/CCH bend 0.026
2 C-H stretch/torsion 0.04)
3 HCC bend/torsion 0.051
4 C—H stretch/C~C stretch 0.061
5 C-H stretch/HCC bend 0.071
6 C-H stretch/C~H stretch 0.082
HONO 1 O-H stretch/torsion 0.0060
2 HON bend/torsion 0.024
3 O-H stretch/HON bend 0.049
4 O-H stretch/O-N stretch 0.037
5 O-H stretch/ONO bend 0.061
7 O-N stretch/N-O stretch 0.085

or significantly reduced in magnitude. This is consistent with
our previous assignment of band 2 to the HON bend/torsion
pathway. Finally, we note that peak 7 only appears in Figures
8band 9d, where all atoms have their normal mass. This suggests
that this band is associated with the O-N stretch/N-O stretch
path. All of the mode-to-mode rate coefficients obtained from
the FTIVR spectra for HONO are summarized in Table 3.

A second cross-check on the accuracy of the FTIVR results
may be obtained by using them to compute the total relaxation
rate of the O-H mode and comparing the value obtained with
the IVR relaxation rate computed from eq 10 and the data in
Figure 8. Since relaxation of the O—H mode can, in principle,
occur by energy transfer to the O-N stretch, the HON bend, the
ONO bend, the torsion mode, and N-O stretch, we would expect
the total relaxation rate coefficient, Kr, to be given by

K=K +K;+ K, + K+ Ky o an

where K; is the frequency corresponding to peak i. The HONO
potential energy surface used in the present study contains no
direct coupling terms between the O-H and N-O stretching
modes. Consequently, we expect Kn_o to be zero for this potential.
The fact that we have not been able to identify an FTIVR band
corresponding to the O-H stretch/N-O stretch pathway is
therefore not surprising. Since Ky is obtained directly from the
trajectory results, while the K; are obtained from the FTIVR
band frequencies, the extent to which eq 11 holds constitutes an
internal check on the consistency of the results obtained by the
two methods.

From Table 3 for HONO, we obtain (K, + K; + Ky + Ks) =
1.53 x 10! 571, The spectral resolution for each band is 0.20
em~tor 0.06 X 10!1 -1, We therefore have (K, + K; + K + K5)
= (1.53 £0.24) X 10!! s-1. The least-squares fitting of eq 10 to
the data shown in Figure 8 yields Ky = 1.86 X 10! s-!. The
major uncertainty in this result is related to the arbitrary choice
of the initial time period over which the least-squares fitting is
performed. By varying this choice within reasonable limits, we
estimate that Kt may be varied by about £10%. Thus, the
consistency check compares (1.53 £ 0.24) X 10! s-! with (1.86
+ 0.19) X 10! s~!. Since the error limits of these values have
significant overlap, we conclude that, within the limitations
imposed by the spectral resolution and the uncertainty present
in the analysis of the trajectory results, the mode-to-mode rate
cocfficients obtained from the FTIVR spectra and the trajectory-
computed overall O-H relaxation rate are consistent.

Asanexample of a linear molecule, we have applied the FTIVR
method to obtain an analysis of intramolecular energy flow in
acetylene. The spectra shown in Figure 10a correspond to the
ensemble average of the Fourier transform of each of 40
trajectories for acetylencat a total energyof 3.18¢V. Thisenergy
comprises zero-point energy in all normal modes with the excess
energy initially present as local-mode excitation of one of the
H-C bonds. The dotted line shows the FTIVR spectrum for
normal C,H, while the solid lines present results for cases involving
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heavy-atom blocking. The top line is sbtained when the terminal
C and H atoms in the C-H bond not initially excited are assigned
a mass of 100 amu. Comparison with the dotted line shows that
peak 6 is missing while the rest of the bands remain. Peak 6 is
therefore assigned to the H-C stretch/C-H stretch pathway.

The bottom solid curve in Figure 10a shows the result when
all atoms :n the C-C-H moiety are assigned & mass of 100 amu.
Under these conditions, we expect only three energy-transfer
pathways to be open. the H-C stretch/HCC bend, the H-C
stretch/torsion, and the HCC bend/torsion. Comparison with
the dotted curve in Figure 10a shows that peaks 1, 4, and 6 have
vanished. Only peaks 2, 3, and 5 remain. On the basis of
arguments similar to those used for HONO and in the analysis
of the FTIVR spectrum for the ethynyl radical,! we assign the
highest frequency band 5 to the H-C stretch/HCC bend and
peak 3 to the HCC bend/torsion. The lower frequency band 2
is interpeted to result from the C—H stretch/torsion pathway.

By elimination and by examination of the predicted rates, band
4 and | are assigned to the C-H stretch/C-C stretch and H-C
stretch/CCH bend, respectively. The numerous bands at higher
frequencies cither are associated with energy transfer in and out
of the numerous coupling terms in the potential as the model
calculations suggest or correspond to overtone or combination
bands.

Figure 10b shows the FTIVR spectra for C,H; with two heavy
atoms, C and H. The dotted curve is the same 2s the top solid
curve in Figure 10a. The solid curve in Figure 10b is the FTIVR
spectrum obtained with the ZPE for the CCH bend and torsional
modes initially set to zero. Itisseen that bands 1, 2,and 3, which
areassociated with the H-Cstretch/ “CH bend, the H-C stretch/
torsion, and the HCC bend/torsion, respectively, are considerably
reduced as we would expect from the principle of constrained
motion. This suggests that the band assignments are correct.
The average individual mode-to-mode rate coefficients obtained
from the FTIVR spectra for C;H; are summarized in Table 3.

V. Summary and Conclusions

By employing the Fourier transform of a local-mode bond
energy, mode-to-mode rate coefficients for classical intramolecular
vibrational relaxation have been obtained for HONO and C;H,.
For both HONO and C,H,, six distinct peaks appearin the FTIVR
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spectrum. The frequencies at which these bands appear are
interpreted to correspond to the average mode-to-mode rate
coefficients for IVR. To determine the modes associated with
cach individual peak, heavy-atom tiocking and constrained motion
methods have been used to close certain energy-transfer paths
during vibrational mode relaxation. Comparison of the resulting
FTIVR spectra with those obtained under normal conditions
permits the accurate assignment of individual bands.

The present results combined with earlier studies on the ethynyl
radical! show that this FTIVR method works well on three- and
four-atom molecules. Previous studies? involving an eight-atom
molecule, disilane, demonstrate that the method permits the
average value of the mode-to-mode rate coefficients to be
extracted, but limitation on spectral resolution bas, to date,
prevented the determination of individual coefficients in such
large systems.
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